Abstract. In this paper, we study the performance of opportunistic scheduling for downlink data transmissions with type-II packet-combining hybrid ARQ in a multirate cellular network for a fast fading environment. We develop a Markov model for a two-user scenario with two feasible transmission rates, and derive the throughput distribution. Numerical results suggest that there exists an operating region within which opportunistic scheduling maintains its scheduling gain over round-robin scheduling; this region disappears when the gap between the transmission rates becomes very large. In ongoing work, we seek to extend the analysis of the model as well as generalize the model to a multi-user scenario.
Introduction
Emerging multirate cellular networks are envisaged to provide high-rate data services to mobile users, in addition to traditional voice and low-rate data services.
Since the channel quality of wireless links varies across the user population due to differences in path-loss, as well as fading effects, a variety of channel-aware or opportunistic scheduling approaches (e.g., [1] ) have been studied recently that exploit this information in order to maximize channel efficiency. To facilitate the seamless operation of higher layer protocols such as TCP over such a network, link-layer protocols such as ARQ (automatic repeat request) are often used to improve the transmission reliability through packet retransmissions. While pure or hybrid type-I ARQ maintains the same probability of packet success at every transmission attempt, hybrid type-II packet-combining ARQ (e.g., [2] ) effectively combines the soft decision values of the previous noisy copies to accomplish better probability of packet success.
While most prior work studied opportunistic scheduling and ARQ separately, few attempts have been made [3, 4] to consider the problems collectively. In [3] , the authors considered hybrid type-I ARQ, and developed an analytical framework to derive both short-term and long-term performance measures for both uncorrelated and correlated wireless channels. In this work, perfect channel state information is assumed at the base station, which is justifiable in a slow fading channel, since channel prediction will be sufficiently accurate. On the other hand, in [4] , the authors considered packet-combining type-II hybrid ARQ, where the probability of decoding failure depends on the number of transmission attempts as well as the user's channel condition. However, the dependence on the latter factor is removed by considering a slow fading environment, where each user's channel is constant over the time-scale of interest. An optimal scheduler was proposed that minimizes the total average cost, expressed as an increasing function of the queue length.
Contribution of This Paper
In this paper, we analyze the performance of an opportunistic scheduling scheme with packet-combining type-II hybrid ARQ in a fast fading environment. In such an environment, the analysis becomes more complex since the probability of decoding failure becomes a bivariate function. In addition, the assumption of perfect channel knowledge at the base station can no longer be justified, since channel prediction can be highly inaccurate in such an environment. Based on our analytical model for the scheduling and ARQ mechanism, numerical results show that under certain conditions, opportunistic scheduling actually loses its scheduling gain over round robin scheduling, which is channel-unaware.
The paper is organized as follows: In Section 2, we define the system model and the assumptions that we make. The analysis of the model is described in Section 3. In Section 4, we compare the performance of various scheduling schemes for different hybrid ARQ mechanisms. Finally, some concluding remarks are given in Section 5.
System Model and Assumptions
We consider the downlink slotted transmission from a single base station to M mobile users, where each fixed-size time slot is allocated to one user and the data flow corresponding to each mobile user is continuously backlogged. We characterize the channel condition of user j in terms of (a) its feasible transmission rate (bits/slot), t f j , where t min ≤ t f j ≤ t max , and (b) the resulting probability of decoding failure, p e j , if it transmits. We consider a fast fading channel, where t f j is assumed to be uniformly distributed over [t min ,t max ] and independent in each slot.
Hybrid ARQ Mechanism
To characterize the mechanism of type-II packet-combining hybrid ARQ, let t a r j ,j denote the actual transmission rate of user j at the (r j + 1) th transmission attempt. We consider the following cases: r j =0 For the first attempt, user j will transmit at t a 0,j corresponding to the predicted feasible rate. For a fast fading channel, t a 0,j and t f j will be identically distributed.
r j >0 If the first attempt fails, subsequent transmissions will occur at the same rate as the previous attempt, i.e., t a rj ,j = t a rj −1,j , and we expect the probability of decoding failure to be reduced with r j , i.e., if p e j =α for r j =a, then:
In addition to Eq. (1), it is reasonable to assume that if p e j = β for t a r j ,j = t f j , then the following properties should hold:
Hence, we propose the following model for p e j that satisfies both Eq. (1) and (2):
where r max is the retransmission threshold such that if r =r max , the transmission is always successful, and δ is a constant that indicates channel quality, 0≤ δ ≤ 1 2·0.5 r max , so that 0≤ p e j < 1. We note that Eq. (3) is also applicable to Type-I hybrid ARQ.
Scheduling Mechanisms
We consider an opportunistic scheduling mechanism which selects the mobile user m * with the least probability of decoding failure for transmission so as to maximize the overall system throughput, i.e.,
As a benchmark for comparison, we also consider a round-robin scheduling mechanism.
Model Analysis
In this section, we outline our model analysis for opportunistic scheduling with type-II packet-combining hybrid ARQ for a simple two-user scenario, where r max =1 and t f j ∈ {t min , t max }. According to Eq. (4), to determine m * in each slot i, it is necessary to compute p e j ∀ j, which in turn depends on the values of r j and t a max(r j −1,0),j . If we define x j = (r j , t a max(r j −1,0),j ) for user j in any slot, then the scheduling and ARQ mechanisms can be characterized by x ≡ (x 1 , x 2 ) ∈ X, where X = {(0,0), (1,t min ,0), (1,t max ,0), (0,1,t min ), (0,1,t max )}. By considering all possible transmission events in each slot, we obtain the state transition diagram and the state transition probability matrix as shown in Fig. 1 . We observe that given the value of x in slot i -1, its pmf in slot i can be obtained. Hence, we obtain a finite-state ergodic Markov chain with state variable, x, observed at each slot interval, with state space X as defined above. From the state transition probability matrix in Fig. ? ?, the steady-state pmf of x can be computed as follows:
We can obtain expressions for the pmf of each user's throughput, conditioned on x. Then, using Eq. (5), we obtain the pmf of each user's throughput, t, as follows: 
Performance Evaluation
In this section, we evaluate the mean throughput (µ t ) as well as throughput fluctuation (σ t ) of opportunistic scheduling (OS) and round-robin scheduling (RR) with Type-I and Type-II packet-combining hybrid ARQ with r max =2 based on Section 3. The results are shown in Fig. 2 for t min =100 and t max =2t min .
We note that for sufficiently large δ, µ
OS t

> µ
RR t , i.e., OS maintains its scheduling gain over RR as expected. However, as δ is reduced below some threshold δ µ t , this scheduling gain is lost. Similarly, there exists a corresponding threshold for throughput fluctuation (denoted by δ σ t ) such that when δ < δ σ t , the throughput of OS is less jittery than that of RR and vice versa. Since δ µ t < δ σ t , we can define the region δ µ t ≤ δ ≤ δ σ t where OS is the preferred scheduling scheme with higher and less jittery throughput; beyond this region, there is a trade-off between OS and RR in terms of µ t and σ t .
The corresponding results for the asymptotic case where t max >> t min are shown in Fig. 3 . As the gap between the feasible rates, t max -t min , widens, both δ µ t and δ σ t increase such that for the asymptotic case, δ µ t = δ σ t = δ max . In this case, RR achieves higher but more jittery throughput than OS. 
Conclusions
In this paper, we analyze the performance of opportunistic scheduling with type-II packet-combining hybrid ARQ for downlink data transmissions in a multirate cellular network for a fast fading environment. By defining the number of transmission attempts as well as the transmission rate of the previous attempt as state variables, we model the scheduling and ARQ mechanism as a Markov chain. By analyzing the Markov model for a two-user scenario with two feasible transmission rates, we derive the throughput distribution for each user.
Numerical results suggest that there exists an operating region within which opportunistic scheduling maintains its scheduling gain over round-robin scheduling, which is channel-unaware. In the asymptotic case where the gap between the transmission rates becomes very large, this region disappears and round-robin scheduling achieves a higher throughput at the expense of higher throughput fluctuation. In ongoing work, we seek to expand the current analysis and investigate if the existing observations can be generalized to a more general scenario.
